Abstract. The aim of this study was to determine the effects of different irrigation regimens on five native aromatic and medicinal species including Ballota acetabulosa (Greek horehound), Helichrysum orientale (helichrysum), Melissa officinalis (lemon balm), Rosmarinus officinalis (rosemary), and Salvia fruticosa (Greek sage) when grown on adaptive green roof systems. The applied levels of irrigation were 100% (well-watered control), 75%, 50%, 25%, and 0% (no irrigation) of the daily pan evaporation (E pan ). Measurements included the in situ determination of substrate moisture, stomatal resistance, and soil plant analysis development (SPAD) values. It was found that Greek horehound, helichrysum, and rosemary can sustainably grow at an irrigation of 25% E pan , whereas Greek sage and lemon balm require an irrigation of at least 50% E pan for sustainable growth in shallow adaptive green roof systems.
The rapid development of contemporary cities has caused dramatic changes in urban landscape and climate. Increased population density, particularly in city centers, in conjunction with the sealing of major land portions through building and construction work, have resulted in the lack of urban open and green spaces (Ferguson, 1998) . All the above have negatively affected the urban microclimate, including air and water quality, and have caused environmental deterioration, thus endangering public health, while also degrading life quality along with the comfort and wellbeing of the inhabitants.
Green roofs provide contemporary technical solutions that could increase urban green spaces and contribute to the amelioration of environmental problems. Roofs and recessed penthouses cover a large area of the built urban spaces, especially in city areas which are characterized by dense building networks. Several researchers have reported, or forecasted through modeling, that green roofs could decrease ambient temperature (cooling) during summer, increase relative humidity, reduce infrared, and diffuse radiation (Kumar and Kaushik, 2005; Simmons et al., 2008) . Further advantages resulting from green roof implementation include oxygen production by photosynthesis (Getter et al., 2009 ), building energy savings for summer cooling (Kotsiris et al., 2012a) , reduction of air pollutants (Czemiel Berndtsson, 2010; Rowe, 2011) , regulation of stormwater runoff and minimization of flooding events (Czemiel Berndtsson, 2010; Fioretti et al., 2010; Oberndorfer et al., 2007; Simmons et al., 2008; Van Woert et al., 2005) , and amelioration of urban heat island effect (Akbari et al., 2001; Getter and Rowe, 2006) . Thus, the general concept is the development of a green roof networking which can contribute to the improvement of the microclimate in multiple ways if green roofs are largely implemented in urban areas. Therefore, it is necessary to seek ways to construct them on top of existing buildings. Because of the minimum load-bearing capacity of most existing buildings, either extensive or adaptive green roofs (Nektarios et al., 2011 Ntoulas et al., 2012 Ntoulas et al., , 2013b are appropriate for green roof implementation. Extensive green roofs are characterized by minimal substrate depths (2-15 cm) that result in loads between 20 to 120 kg · m -2 . They are usually planted with succulent plants and require low or no maintenance (FLL, 2008) . Adaptive green roof systems also use minimal substrate depth (5-15 cm), but are planted with various plant types such as aromatic and medicinal plants, turfgrasses, and groundcovers. In contrast with the extensive green roofs, the adaptive ones are accessible and require minimal irrigation inputs (Kotsiris et al., 2013; Ntoulas et al., 2012 Ntoulas et al., , 2013a Ntoulas et al., , 2013b Ntoulas and Nektarios, 2015) . Both extensive and adaptive green roofs require the use of plant species that have adequate water-stress tolerance and are capable of growing in shallow substrate depths.
Plant species for either extensive or adaptive green roof systems should be preferably native and adapted to local environmental conditions. Dimopoulos et al. (2013) reported that the prolific flora of Greece consists of 5752 kinds of plant species (1278 endemic), of which many of them are herbs, aromatics, and pharmaceuticals that could be considered appropriate for sustainable growth on Mediterranean green roof systems in conjunction with minimal water inputs (Benvenuti and Bacci, 2010; Kotsiris et al., 2012b Kotsiris et al., , 2013 Nektarios et al., 2011 Nektarios et al., , 2015 Papafotiou et al., 2013; Paraskevopoulou et al., 2015; Tassoula et al., 2015) .
The aim of the present study is to determine the irrigation threshold based on E pan for five medicinal and aromatic plant species. The findings of this research may be valuable in selecting the most appropriate plants for Mediterranean green roof systems and in predicting the minimal required irrigation inputs for sustainable growth.
Materials and Methods

Experimental setup
The study was conducted on the roof of the campus restaurant at the Agricultural University of Athens (lat. 37°59#, long. 23°42#, 36 a.s.l.). The study period was between 23 July and 9 Sept. 2013 and it was conducted on 90 rectangular plastic containers with internal dimensions of 24 cm · 24 cm · 11 cm. Within each container, a green roof system was simulated containing three layers having a total height of 2.7 cm. The layers were placed in the following order initiating from the bottom of the containers toward the substrate: a) protection and moisture retention fabric (VLS 300; Diadem, Landco Ltd., Athens, Greece); b) undulated drainage (Diadrain 25H; Diadem, Landco Ltd.); and c) geotextile (VLF 150; Diadem, Landco Ltd.). As a growing substrate, a mix of pumice (75% v/v), clinoptilolite zeolite (10% v/v), peat (8% v/v), and compost from garden waste and dairy manure (7% v/v) was placed on top of the geotextile at a depth of 8 cm. The physical and chemical properties of the substrate are listed in Table 1 whereas the mechanical analysis and the water-retention capacity are listed in Table 2 .
Plant material
The (Greek sage, 20 plants). Differences in the number of plants used were due to plant losses during their propagation from the wild. The plants were collected from Euboea (lemon balm), Attiki (rosemary), the islands of Kythnos (Greek horehound), and Crete (helichrysum and Greek sage). They were collected as cuttings from their natural habitat in May 2012 except for lemon balm that was collected in June 2012. Plant propagation was performed under mist for 5-8 d depending on the species at the Laboratory of Floriculture and Landscape Architecture of the Agricultural University of Athens. After their propagation, the plants were acclimatized for 2 weeks and then transferred to the experimental roof in 10-cm diameter pots where they grew for 1 year.
On 16 June 2013, a single plant was transplanted into each experimental container that was equipped with green roof layers and substrate. At the initiation of the study, the heights of the plants were similar between replications of each species. More specifically, the Greek horehound had a height of 19.2 cm (±1.2 SE), helichrysum 14.2 cm (±0.5 SE), lemon balm 21.2 cm (±0.9 SE), rosemary 17.8 cm (±1.1 SE), and Greek sage 25.5 cm (±1.8 SE). After transplanting, all containers were placed on the building roof under mild shade for 20 d and irrigation was provided as needed. On 5 July 2013, the plants were transferred to full sun. On 23 July 2013, irrigation was applied to saturation to produce uniform wet conditions in between treatments at the initiation of water-stress period.
The water-stress period lasted from 24 July to 9 Sept. 2013. During the water-stress period, five different irrigation regimens were implemented based on daily evaporation (E pan ), which was determined by a Class A evaporation pan. For each plant species, irrigation was applied daily either at 100% E pan (well-watered control) or at 75%, 50%, 25% (as deficit irrigation treatments), or 0% (drought) of E pan . All treatments were watered by hand at 0800 HR using a watering can equipped with perforated nozzle to ensure uniformity.
Experimental design, treatments, and statistical analysis
The plot arrangement followed a completely randomized design with helichrysum, rosemary, and Greek sage having four replications and Greek horehound and lemon balm having three replications per treatment. To determine the irrigation threshold for sustainable growth of each of the five plant species, a comparison between the five different irrigation regimens (100%, 75%, 50%, 25%, and 0% of daily E pan ) was performed for each plant species independently. Oneway analysis of variance was performed on the collected data employing the statistical analysis software Statgraphics Centurion, version 15.2.11 (Statpoint Technologies Inc., Warrenton, VA). Our main research interest focused on plant response based on the imposed irrigation regimen on each sampling date. Treatment means for all statistical analyses were separated using the Fisher's protected least significant difference at a 0.05 P level (P < 0.05).
Measurements
Substrate moisture content. During the water-stress period, substrate moisture content was determined every 3 d at 1500 HR, with the use of a WET-2 (Delta-T Devices, Cambridge, UK) frequency domain dielectric soil moisture sensor having rods of 65 mm in length, and spaced 45 mm apart. The sensor measured moisture content from a cylindrical substrate volume of 500 mL, and it was connected to a HH2 handheld moisture meter (Delta-T Devices). The sensor was calibrated for the specific substrate used in the study according to Kargas et al. (2013) . SPAD. SPAD provides arbitrary values that indicate the green color of the leaves and its values have been correlated to plant chlorophyll content (Loh et al., 2002) . SPAD measurements were performed every 3 d at around 1330 HR with a handheld SPAD meter (SPAD-502 Chlorophyll meter; Konica Minolta, Japan). For each measurement, the youngest of fully developed leaves were selected.
Leaf stomatal resistance. Leaf stomatal resistance measurements were performed every 3 d at noon, using an AP4 diffusion porometer (Delta-T Devices). Measurements were made on the abaxial side of young, fully expanded leaves.
Meteorological data. The ambient maximum, minimum, and average temperatures were recorded by the weather station of the National Observatory of Athens at the Gazi region, which is located 885 m from the experimental site. It should be emphasized at this point that during the water-stress period, no rainfall occurred (Fig. 1) .
Results and Discussion
Ballota acetabulosa. In the beginning of the study, the substrate moisture content in plots planted with Greek horehound plants was similar for 100%, 75%, and 50% of E pan irrigation regimens. In contrast, irrigation regimens of 25% and 0% E pan exhibited lower substrate moisture content compared with the remaining treatments (Fig. 3A) . However, differences between 25% and 50%, and 75% and 100% were negated after 11 Aug. 2013.
From macroscopic phenological observations, it was noticed that in Greek horehound plants, at 0% and 25% E pan irrigation regimen, the leaves turned yellow and some of the leaves dropped (Fig. 2) . The nonirrigated plants (0% E pan ) died after 20 d, indicating that the reduced leaf area of Greek horehound in conjunction with its xerophytic morphological and physiological characteristics provided an excellent drought mechanism. The time interval of 20 d coincides with that reported by Bousselot et al. (2011) for the observed dying of herbaceous plants top growth when drought was imposed in greenhouse conditions. SPAD results were similar for all treatments. At the initiation of the study, SPAD values were low because Greek horehound has a grey leaf color, which is attributable to the numerous hair found on both sides of the leaf (Fig. 3B) .
Leaf stomatal resistance exhibited minimal differences between irrigation treatments, according to which the nonirrigated and the 25% E pan treatment provided higher resistance values (Fig. 3C) . The latter illustrates that the plants of 25% and 0% E pan were more stressed compared with the other irrigation treatments. Nevertheless, the leaf stomatal resistance values were relatively low for all irrigation treatments and, thus, Greek horehound stomata did not close at the deficient irrigation regimens. This observation, in conjunction with the increased substrate moisture content, demonstrated that Greek horehound exhibited other substrate moisture-stress tolerance mechanisms. It must be noted that Greek horehound is a common herbaceous, xerophytic species found in abundance in southern and eastern Greece (Heywood and Richardson, 1990) . The drought adaptation mechanisms of xerophytes involve small and thick leaves, with high specific dry weight, small volume of internal air space, a high percentage of palisade mesophyll tissue (Parkhurst and Loucks, 1972; Shields, 1950) , and a layer of hairs.
Helichrysum orientale. Similar to Greek horehound, the moisture content in plots planted with helichrysum substrate increased in the irrigated compared with the nonirrigated plants (Fig. 4A) . However, in this case, the 25% E pan irrigation treatment provided similar moisture content compared with the other irrigation treatments during the first 15 d of the water-stress period. It was noticed that in the helichrysum plants irrigated at the low-irrigation regimen of 25% E pan as well as the nonirrigated treatment (0% E pan ), the leaves reduced their surface area either by reducing their size and/or by becoming twirled (Fig. 2) . Helichrysum has been found to tolerate relatively mild water stress when grown under green roof conditions and irrigated to saturation leaf stomatal resistance (s·cm -1 ) for Melissa officinalis under different irrigations regimens [100%, 75%, 50%, 25%, and 0% of daily pan evaporation (E pan )]. Bars represent Fisher's least significant difference (LSD) at P < 0.05. every 5 or 7 d (Papafotiou et al., 2013) . As in the case of Greek horehound, nonirrigated plants survived for 20 d indicating a good drought tolerance plant response.
SPAD values during the water-stress period had minimal differences and, in those cases, they were increased for the irrigation treatments of 50%, 75%, and 100% E pan except for a single date when 25% E pan provided increased SPAD value (Fig. 4B) . SPAD values for all treatments were gradually reduced as the water-stress study progressed, indicating a reduction in chlorophyll concentration.
Differences between irrigation treatments with regard to leaf stomatal resistance occurred only at the initiation of the study when the nonirrigated plants reached 12.5 s · cm -1 (Fig. 4C) . All other irrigation treatments provided similar low values. From these results, it was concluded that, since it keeps its stomata open, helichrysum is capable of transpiring even at minimum levels of substrate moisture. It is likely that another mechanism, either metabolic or morphological, is mainly responsible for the increased substrate moisture-stress tolerance exhibited by helichrysum.
Melissa officinalis. In the case of lemon balm, the substrate moisture content presented more pronounced differences between different irrigation regimens in comparison with the other plants (Fig. 5A) . The highirrigation regimens (100% and 75% E pan ) provided increased substrate moisture content, while irrigation at 50% and 25% E pan provided lower moisture content. Moreover, the substrates of the nonirrigated plots lost their moisture content extremely fast, as indicated by the abrupt decline of moisture content to 1%, which resulted in the loss of all nonirrigated plants within 7 d after the initiation of the water-stress treatments. All the above indicate that lemon balm has increased transpiration and, thus, it is expected to be a less substrate moisture-stress tolerant species.
Differences in SPAD values between irrigation treatments were minimal until 26 Aug. 2013, when the 25% E pan treatment reduced its SPAD values compared with the 50%, 75%, and 100% E pan treatments, indicating a severe reduction of plant chlorophyll content. Munn e-Bosch and Alegre (2000) have also reported a decrease in chlorophyll content in lemon balm plants growing under drought conditions. Our findings contradict those of Ozturk et al. (2004) who reported that lemon balm plants proved to be drought tolerant when growing in lysimeters (of 62-cm diameter and 22-cm depth) filled with a sandy loam soil. In our study, substrate depth was only 8 cm in an effort to simulate a shallow adaptive green roof system. In the latter cases, plants that have a drought-avoidance mechanism, such as the development of deeper root systems, are handicapped on account of the limited substrate depth. In addition, lemon balm has leaves that are thin and not covered with hairs. It was noticed macroscopically that, lemon balm leaves turn yellow and brown very fast even from the initial stages of waterstress imposition.
The nonirrigated plants increased their leaf stomatal resistance and died out when it reached 4.8 s · cm -1 (Fig. 5C ). The 25% E pan treatment plants also died out 19 d after the initiation of the water-stress treatments, reaching a leaf stomatal resistance value of 17.5 s · cm -1 . Munn e-Bosch and Alegre (1999) reported that lemon balm plants subjected to water-stress conditions decreased their stomatal conductance by 50% compared with well-watered plants. In our case, we also observed a similar increase in stomatal resistance (Fig. 5C ). However, this increase was brief since the plants died soon after they reached a threshold value of 20 s · cm -1 . Our results are in contrast to those reported by Ozturk et al. (2004) , who found that M. officinalis plants were resistant to mild water-stress conditions. More specifically, they found that the dry weight decrease under deficit irrigation conditions (irrigation at 0%, 12.5%, 25%, 37.5%, and 50% of normal irrigation based on lysimeter moistureholding capacity) was not significant up to the level of 25% of deficit irrigation. From our study, it was determined that an irrigation of at least 50% of daily E pan is required for sustainable growth of lemon balm on shallow green roof systems.
Munn e-Bosch and Alegre (1999) found a large decrease of xylematic water potential between irrigated and nonirrigated lemon balm plants. However, water potential of the water-stressed plants remained relatively constant for 2 weeks due to the significant reduction of leaf stomatal aperture. In our case, the nonirrigated plants were not able to survive for 2 weeks which was expected due to the shallow depth of the green roof substrate layer.
Rosmarinus officinalis. The slope of the moisture curve reduction of the nonirrigated plants was similar to that of helichrysum and Greek horehound and less steep than that of lemon balm and Greek sage, indicating that rosemary did not consume water very rapidly under drought conditions (Fig. 6A) . At the initiation and toward the end of the waterstress period, the 25% E pan irrigation regimen had a lower substrate moisture content compared with all higher irrigation regimens. The 100%, 75%, and 50% E pan irrigation regimens provided similar substrate moisture content throughout the study.
SPAD values were reduced for a single date in the plants that were nonirrigated (Fig. 6B) . In general, SPAD values remained relatively stable for all treatments during the water-stress period. However, no significant differences between the four irrigation regimens (25%, 50%, 75%, and 100% E pan ) were observed throughout the study (Figs. 2 and  6B ). Since SPAD is an indicator of the chlorophyll content of the leaves, our results comply with the findings of Munn e- . They reported that, droughtstressed rosemary plants grown in the field reduced their diurnal CO 2 assimilation by 80% even though the maximum efficiency of photosystem II and chlorophyll content were unaffected.
The nonirrigated plants of rosemary increased their leaf stomatal resistance immediately after the imposition of drought stress (Fig. 6C) . However, after 29 July 2013 it was not possible to determine leaf stomatal resistance at the nonirrigated plants although the plants did not die out. It is possible that this resulted from the increased stomatal resistance values that exceeded the poremeter detection capacity. For the remaining time of the water-stress period, the 25% E pan irrigation regimen provided a trend of higher leaf stomatal resistance values, suggesting increased water stress for the period of this treatment. In addition, it indicated that stomata closure is one of the main substrate moisture-stress tolerance mechanisms of rosemary for withstanding dry down periods.
Several researchers have reported the ability of rosemary to exhibit osmotic adjustment when grown under water-stress conditions. Sanchez-Blanco et al. (2004) reported that changes in rosemary plants due to deficit irrigation can be considered as a morphological adaptation of the species to water stress, thereby reducing the rate of transpiration and minimizing water consumption. In addition, Nogu es and Baker (2000) and Nogu es et al. (2001) observed that during severe summer drought, rosemary significantly decreased its photosynthetic rate, probably by means of strong stomata closure. Apart from the morphological adaptations, Munn e-Bosch et al. (1999) showed that rosemary is able to successfully withstand prolonged drought by increasing the concentration of a-tocopherol, carnosic acid, and carotenoid concentration in the leaves. The production of these antioxidants prevents the oxidative damage in the plants.
Salvia fruticosa. The substrate moisture in plots with nonirrigated plants was reduced abruptly, as illustrated by the curve slope (Fig. 7A) , indicating fast water consumption by the plants. From the initiation of the waterstress period until 14 Aug. 2013, there was a clear separation between the different irrigation regimens into two groups. More specifically, the 25% and 50% E pan regimens exhibited lower moisture content, while the 75% and 100% E pan regimens exhibited higher moisture content. From then on and until the end of the water-stress period, 100% E pan had increased substrate moisture content compared with the other irrigation regimen treatments.
The nonirrigated plants of Greek sage died out 10 (±2) d after the imposition of drought stress. Bettaieb et al. (2009) reported that 2 weeks after the imposition of water stress, S. officinalis plants exhibited a negative effect on their morphological characteristics which became more pronounced as water stress progressed. They observed that severely water-deprived plants produced thinner stems with fewer and more dehydrated leaves compared with other plants that were irrigated at higher irrigation regimens. In our case, it was observed that Greek sage plants under water-stress conditions reduced the size of the leaves by twirling. In addition, the whole leaf area was reduced by turning the leaves yellow and shedding them (Fig. 2) .
The SPAD values of Greek sage increased as water stress progressed (Fig. 7B ). This could have been caused by an increase in cell solute concentration. Differences in SPAD values were minimal and, in those cases, plants irrigated at 25% and 50% E pan had higher SPAD values compared with the 75% and 100% E pan irrigation regimens.
At the initiation of the water-stress period, the nonirrigated plants had increased leaf stomatal resistance (Fig. 7C) . After they died out, the 25% and 50% E pan irrigation regimens had increased leaf stomatal resistance, which illustrates their higher stress compared with the 75% and 100% irrigation regimens. Raimondo et al. (2015) installed S. officinalis plants in experimental modules on a green roof and remarked that plants subjected to water stress reduced their leaf water potential close to the point of turgor loss through osmotic adjustment to reduce water consumption and to survive throughout the dry down period.
Conclusions
A specific irrigation threshold was determined to secure sustainable growth of each plant species under adaptive green roof conditions. More specifically, sustainable growth of Greek horehound, helichrysum, and rosemary can be achieved when they are irrigated at 25% E pan . By contrast, lemon balm and Greek sage demand an irrigation regimen of at least 50% E pan to secure sustainable growth on shallow-depth green roof systems. It was also established that extreme caution is necessary in relation to the irrigation frequency of the latter two species, given that their plants died within 7-10 d of withholding irrigation treatments. leaf stomatal resistance (s·cm -1 ) for Salvia fruticosa under different irrigations regimens [100%, 75%, 50%, 25%, and 0% of daily pan evaporation (E pan )]. Bars represent Fisher's least significant difference (LSD) at P < 0.05.
